Recognized as elementary particles in the standard model, Weyl fermions in condensed matter have received growing attention. However, most of the previously reported Weyl semimetals exhibit rather complicated electronic structures that, in turn, may have raised questions regarding the underlying physics. Here, we report for the first time promising topological phases that can be realized in specific honeycomb lattices, including ideal Weyl semimetal structures, 3D strong topological insulators, and nodal-line semimetal configurations. In particular, we highlight a novel semimetal featuring both Weyl nodes and nodal lines. Guided by this model, we demonstrated that GdSI the long perceived ideal Weyl semimetal has two pairs of Weyl nodes residing at the Fermi level, and that LuSI (YSI) is a 3D strong topological insulator with the right-handed helical surface states. Our work provides a new mechanism to study topological semimetals, and proposes a platform towards exploring the physics of Weyl semimetals as well as related device designs. 
RESULTS

Model analysis. Our tight-binding (TB) model is built on an
Compared with the Kane-Mele model 46, 47 , there are three obvious differences in our model. Firstly, our model is based on a 3D system, which is a necessary condition to realize the WSM. Secondly, the nearest intralayer hopping between the same spin is forbidden due to the restriction of M z symmetry. Thus, it is that the nearest intralayer SOC (λ 1 ), rather than the NN SOC in the Kane-Mele model, plays a crucial role for the band gap opening in the k z = 0 plane. Finally, inversion symmetry is broken in our model. Due to the Rashba effect, all bands are split into two branches, which can be distinguished by the eigenvalue of M z , i.e., m z = ±i as shown in Figure S3 ).
In particular, even though there are 4 S atoms and 4 Ln atoms in one unit cell, only one pair of p z -type molecular orbital |P 2 with j z = ± In the next step, we study the topological properties of GdSI. Considering that the f orbitals of Gd are partially occupied, GdSI is very likely to stabilize in a magnetic phase.
We have calculated five different magnetic configurations for GdSI by the GGA+SOC, including the ferromagnetic (FM), three collinear antiferromagnetic configurations (AFM1-AFM3), and one non-collinear collinear antiferromagnetic configuration (AFM4) as shown in Figure S5 . The calculated total energies and moments are summarized in Table S1 , which demonstrates that all magnetic states are lower than the non-magnetic (NM) state about 24 eV/ u.c., and the AFM4 configuration is the most stable one, further lowering the total energy about 10-20 meV than the other collinear magnetic states. This is because that AFM4 configuration has eliminated the frustrations as much as possible, and it agrees with the 2 × 2 reconstruction of the crystal mostly 3, 4 .
In order to deal with the correlation effect of the f electrons, we have performed the GGA+Hubbard U (GGA+U) calculations on GdSI. The GGA+U and GGA+U+SOC band structures of AFM4 are plotted in Figure 2 , ±0.023) and ( 
Competing financial interests
The authors declare no competing financial interests.
Correspondence Correspondence and requests for materials should be addressed to In the momentum space, the Bloch bases for our tight-binding (TB) model can be constructed as
in which the definitions of µ and α are given in the main text, k is the crystal momentum, N is the number of unit cells, R i is the lattice vector, r µ is the position of sublattice µ, and φ α (r − R i − r µ ) is the atomic orbital wave function. Because only one real spherical harmonic wave function is used for each sublattice, here we use the sublattice to label the spatial orbital too, which means that φ α (r
By means of the following transformations:
the TB Hamiltonian Eq. (1) in the main text can be transferred into the momentum space and written as the matrix form with basis order |A ↑, k , |A ↓, k , |B ↑, k and |B ↓, k .
where 
k y . As shown in Fig. 1(a) of the main text, we define t 1 A and t 1 B as the on-site energy of A-sublattice and Bsublattice, respectively; t ↓ means the nearest intralayer hopping between the opposite spin, which is originated from the spinorbit coupling (SOC) interaction. We note that the nearest intralayer hopping between |p z and |d z 2 orbitals with the same spin is forbidden in the honeycomb lattice, when M z symmetry is preserved.
S2. DOUBLE-WEYL POINT SPLITTING IN C 3 SYMMETRIC SYSTEM
As discussed in the main text, two pairs of double-Weyl points (|C| = 2) should be realized in the Case2 band inversion of Configuration I Rashba splitting, due to the ∆j z jumping 2. However, such double-Weyl point in the C 3 symmetric system is unstable according to previous analysis 1 . As shown in Fig. S1(a) , one double-Weyl point (C = 2) located on the H − K line will split into one negative Weyl point (C = −1) located on the H − K line and three positive Weyl points (C = 1) related by C 3 symmetry. In Fig. S1(b) , we also plot the energy spectrum around the negative and three positive Weyl points, which shows a linear in-plane (k x k y -plane) dispersion at each node point, rather than the quadratic in-plane dispersion for the double-Weyl point as shown in HgCr 2 Se 4 2 . S atom as an example, one S atom is located at the 1a site, which is invariant under C 3 symmetry, while the other three S atoms are located at the 3j sites which are related by
As shown in Fig. S2(a,b) , even though LnSI suffers a 2 × 2 reconstruction, Ln and S atoms are still located in the same plane, and can be taken as a honeycomb lattice roughly.
More importantly, our TB model built on the perfect honeycomb lattice can capture the low energy physics in LnSI very well as we'll analyse later.
S4. PROJECTED DENSITY OF STATES AND FATTED BANDS
The total density of states (TDOS) and projected density of states (PDOS) of LnSI calculated by GGA (GGA+U for GdSI) are plotted in the up panel of Fig. S3 , which clearly Consistent with the PDOS results, the fatted bands in Fig. S3 intuitively show that one S p z band and one Ln d z 2 band (ignoring the spin degree) invert with each other around the Γ point, which will lead to some topological non-trivial properties in these materials.
S5. MOLECULAR ORBITALS AND BAND EVOLUTION AT THE Γ POINT
In this section, we would like to demonstrate the formation of the molecular orbitals and the band evolution at Γ point in LnSI. Considering that SOC only plays a role in the band gap opening, we ignore its effect in the following discussion. The schematic diagram of the band evolution at the Γ point in LnSI is plotted in Fig. S4 , where d i and p i represent 
and
, − , respectively.
Another eight molecular orbitals of down spin can be obtained by operating T on the up spin molecular orbitals: , respectively. Each band at the Γ point is doubly degenerated (Kramers degeneracy) as shown in the step I of Fig. S4 , which conforms to the band orders in LuSI and YSI exactly. In step II, the exchange coupling of the non-collinear magnetic order is taken into account, then the time reversal symmetry is broken, and the Kramers degeneracy will split further as shown in the step II of Fig. S4 , which happens to correspond to the case of GdSI. We emphasize that, in both step I and step II, it is the |P 2 , j z = 1 2
) molecular orbitals dominate at the Fermi level and determine the topological properties, which have the same j z as the bases studied in our TB model. Therefore, our TB model discussed in S1 can be used to study the topological properties in LnSI effectively, since they possess the same symmetry and bases. (a-direction). For the AFM4 configuration, the magnetic moment of the Gd 1 atom located at the 1c site is aligned along the c-direction, while the magnetic moments of the 3j sites Gd atoms (Gd 2 , Gd 3 and Gd 4 ) are mainly lying in the ab-plane with a 120
• angle, as shown in Fig S5(e) , which reduces the magnetic frustration in the 2 × 2 triangle lattice significantly and leads to the lowest total energy. It is worthy to note that the C 3 symmetry is preserved in the AFM4 configuration.
In order to confirm which is the most favorable magnetic configuration, we have performed the GGA+SOC calculations for all five magnetic structures, as well as the non-magnetic (NM) state. The calculated total energy of the NM state is about -69.151 eV ; the total energies and the converged magnetic moments of the five magnetic structures are summarized in Table S1 . The calculated results show that the total energy of the NM state is much higher (about 24 eV/u.c.) than that of the magnetic states, indicating that the assumption of the existence of magnetic order in GdSI is reasonable. Furthermore, the results listed in Table S1 show that the three collinear AFM configurations have nearly the same total energy, which are 10 meV higher than that of FM, and 20 meV higher than that of AFM4.
Finally, AFM4 has the lowest total energy among all five magnetic structures, which agrees with our analysis that such magnetic structure can eliminate the magnetic frustration in the 2 × 2 triangle lattice significantly.
S7. MIRROR SYMMETRY M z BREAKING AND FITTED PARAMETERS IN
GDSI
In addition to the breaking of the time reversal symmetry, the other important effect of the non-collinear AFM structures (AFM4) in GdSI is the M z symmetry breaking. Two types of hopping terms can be added to Eq. S4 for the breaking of M z symmetry. (1) We can add a term that makes the ±z-direction interlayer hopping different, which will mainly result in different band dispersions between ±k z -direction, but the energy spectrum in the k x k y -plane remains unchanged. (2) The existence of the in-plane magnetic moments means that S z is not a good quantum number again. Therefore, the nearest intralayer hoppings with the same spin, named as r 2 , can be recovered, which will lead to a great change of the band dispersion in the k z = 0 plane, but will keep the band energies of the two k points having the same k x , k y and opposite k z to be equal. In what follows, we only add such r 2 term into the Eq. S4 to study the electronic structures of GdSI, based on the fact that the GGA+U+SOC calculated band dispersions are approximately symmetrical between H − K and K − -H directions, as shown in Fig. S6 .
By adding the zeeman splitting and the r 2 terms that breaks the M z symmetry, the total Hamiltonian for GdSI can be written as following where the definitions of H(k) and G are given in the S1, and the definitions of t The calculated Fermi surface on the (001) face of GdSI is shown in Fig. S7 (a), which shows that there is no Fermi arc coming out from the projected Weyl points (black dots). This is because that two bulk WNs carrying opposite chiralities are projected to the same point on the (001) face. The (010) surface states of GdSI is plotted in Fig. S7(b) , which
